The mammalian GRK family currently consists of gans G protein-coupled receptor kinase-2 (Ce-grk-2) seven members (GRK1-7) that are divided into three function are not hypersensitive to odorants. Instead, subfamilies based on sequence, subcellular localization, decreased Ce-grk-2 function in adult sensory neurons and regulation: GRK1 and GRK7, GRK2 and GRK3, and profoundly disrupts chemosensation, based on both odorants that indicate a less desirable environment. In
dicted Ce-grk-2 coding region was used to express GFP. Ce-grk-2::gfp reporter expression was observed in embryos as early as the 20-30 cell stage and persisted throughout development and into adulthood. The Cegrk-2::gfp reporter was expressed in many neurons of adult animals, including the ASH neurons and other sensory neurons, many interneurons, and motor neurons of the ventral nerve cord (Figures 2C and 2D) . Expression was also observed in vulval muscles. A monoclonal antibody raised against mammalian GRK2/3 was used to confirm the putative Ce-GRK-2 cellular expression pattern. Although endogenous Ce-GRK-2 was below the level of detection using this antibody, Ce-GRK-2 was detected in transgenic animals overexpressing Ce-GRK-2 from the genomic rescue fragment ( Figures 2E  and 2F ). The GFP reporter and antisera expression patterns were nearly identical, but no immunoreactivity was observed in the vulval muscles. These data show that Ce-GRK-2 is broadly expressed in the C. elegans nervous system at all stages.
T354I Both Decreases Ce-GRK-2 Protein Levels and Perturbs Function
The Ce-grk-2(rt97) mutant allele is recessive and changes a single conserved amino acid in Ce-GRK-2. This residue (T354) is conserved in all known serine/ threonine kinases ( Figure 2B ; Hanks et al., 1988) . To determine whether Ce-grk-2(rt97) is a loss-of-function allele, Ce-GRK-2 protein levels were compared in wildtype (N2) and Ce-grk-2 mutant animals. On Western blots, the anti-GRK2/3 antibody recognized a single band of ‫18ف‬ kDa in wild-type C. elegans, the predicted molecular weight for Ce-GRK-2. However, in Ce-grk-2 mutant animals, only 11% Ϯ 4% of the Ce-GRK-2 protein was observed compared to wild-type animals ( Figure  3A ), indicating that the T354I amino acid change results in a dramatic decrease in Ce-GRK-2 protein levels.
To determine if T354 is also critical in other GRKs, site-directed mutagenesis was used to incorporate the corresponding change (T353I) into bovine GRK2 (bGRK2). When equal amounts of DNA encoding wildtype bGRK2 and bGRK2(T353I) were transfected into either HEK293 or COS-7 cells, a dramatic decrease in bGRK2(T353I) protein levels was observed compared to wild-type bGRK2 ( Figure 3B , data not shown). This decrease was seen in both cell lines and across a wide elegans using behavioral assays.
(C) Ce-grk-2(rt97) animals respond to nose touch. Percent response Both wild-type and the T354I mutant Ce-GRK-2 proof wild-type and Ce-grk-2(rt97) mutant animals to touch to the nose teins were overexpressed in Ce-grk-2 mutant animals is indicated. Each animal was tested 10 times; Ն34 animals were using the Ce-grk-2 promoter. Ce-GRK-2 expression levtested for each genotype. els and octanol response were assessed. Octanol reError bars indicate the standard error of the mean (SEM).
sponse of Ce-grk-2 mutant animals expressing the wildtype Ce-grk-2 cDNA was completely restored (2 Ϯ 0.2 s, Figure 3C , column 4). To express Ce-GRK-2(T354I) at levels equivalent to wild-type Ce-GRK-2 in the Ce-grk-2 crossed into wild-type animals. Neither transgene perturbed octanol response nor chemotaxis to diacetyl rescued lines, the transgene encoding the T354I mutation was introduced at 10-fold higher concentration (Fig-(data not shown) , suggesting that the mutant protein does not interfere with normal chemosensory pathways. ure 3C, compare lanes 4 and 5). However, the T354I mutant protein expressed at the same level had only a We conclude that Ce-grk-2(rt97) is a severe loss-offunction allele. small impact on octanol response in Ce-grk-2 mutant animals (14 Ϯ 0.5 s, Figure 3C , column 5) compared to the mutant control animals (18 Ϯ 1 s, Figure 3C, ). In the C. elegans genome, arrestin-1 (arr-1, F53H8.2) is the only predicted gene that has significant overall similarity to arrestins in other organisms ( Figure  5A ). ARR-1 is 54% and 52% identical overall to human ␤-arrestin 1 and ␤-arrestin 2, respectively.
Consistent with a regulatory role in signal transduction in the nervous system, an arr-1::gfp promoter reporter construct is expressed throughout the C. elegans nervous system, including the octanol-detecting ASH sensory neurons ( Figure 5B ). To determine if loss of arr-1 function would cause defects similar to loss of Ce-grk-2 function, the deletion allele arr-1(ok401) was obtained from the C. elegans gene knockout consortium for analysis. arr-1(ok401) is predicted to be a severe or complete loss-of-function allele ( Figure 5A ). Interestingly, arr-1(ok401) animals responded as well as wild-type animals to octanol and volatile attractants ( Figure 5C , data not shown). Ce-grk-2; arr-1 double mutant animals were as defective in octanol avoidance as animals lacking only Ce-grk-2 function ( Figure 5C ). However, Ce-grk-2; arr-1 double mutant animals are unhealthy and grow slowly, suggesting that these genes may have additional Figures 4A and 4B ). In addition, homozygous Ce-grk-2 mutant animals never responded stages for normal chemosensory response, after cell pressed at either low or high concentrations, had no effect on octanol response ( Figure 6B ). Furthermore, coCe-GRK-2 Functions in the Sensory Neurons expression of srb-6::Ce-grk-2 and glr-1::Ce-grk-2 reAs Ce-GRK-2 is broadly distributed in the nervous sysstored octanol response no more than expression of tem, it may function in the sensory neurons, the insrb-6::Ce-grk-2 alone ( Figure 6B ). Taken together, these terneurons, or both during chemosensation. To deterresults indicate that the primary site of Ce-GRK-2 funcmine where Ce-GRK-2 functions, various promoters tion in chemosensation is the chemosensory neurons were used to drive expression of Ce-GRK-2 in subsets but do not rule out a contribution from other tissues. of neurons. The srb-6 promoter was used to express Since Ce-GRK-2 acts in sensory neurons, odorant Ce-GRK-2 in two of the chemosensory neurons that receptors may be phosphorylation targets of Ce-GRK-2. detect octanol, ASH and ADL (Troemel et al., 1995) .
Given that phosphorylation of GPCRs by GRKs is reExpression of the srb-6::Ce-grk-2 transgene restored quired for receptor endocytosis/recycling in other sysresponse to octanol in a dose-dependent manner (Figtems , a mutation in Ce-grk-2 could change the expresure 6B). Injection of srb-6::Ce-grk-2 into Ce-grk-2 musion or localization of odorant receptors such as the tants at a low concentration partially restored octanol diacetyl receptor ODR-10 (Sengupta et al., 1996). Howresponse, whereas 10-fold more completely restored ever, no overt change in ODR-10::GFP (Sengupta et al., octanol response ( Figure 6B ). In addition, expression of 1996) localization nor expression levels was observed Ce-grk-2 in ASH neurons using the osm-10 promoter in control versus Ce-grk-2 mutants, even when animals (Hart et al., 1999) (injected at a low concentration, 50
were pre-exposed to diacetyl (data not shown). Thereng/l) also partially restored octanol response in Cefore, changes in receptor localization are unlikely to acgrk-2 mutant animals (12 Ϯ 1 s, data not shown). These count for the chemosensory defects of Ce-grk-2 muresults demonstrate that Ce-GRK-2 can function in the tant animals. sensory neurons.
To address whether Ce-GRK-2 is also required in the interneurons that control forward and backward locoLoss of Ce-grk-2 Function Perturbs StimulusEvoked Ca 2؉ Influx motion, the glr-1 promoter was used to express Cegrk-2. The glr-1 promoter drives expression in 17 classes
If Ce-grk-2 is required for response to sensory stimuli in the chemosensory neurons, then perhaps signaling of neurons, including the command interneurons, but and completely defective in their response to quinine grk-2 mutant animals. If GPCR signaling is decreased in Ce-grk-2 mutants, then overexpression of other signal-( Figure 7F) . A large calcium influx was observed in ASH neurons in response to 1 M glycerol and to 10 mM ing components in the pathway might restore chemosensory response. quinine in control animals ( Figures 7A and 7B ). In contrast, evoked calcium influx into the ASH neurons was When stimulated by activated G proteins, cyclases produce the second messengers cAMP or cGMP. significantly impaired in Ce-grk-2 mutant animals (Figures 7C and 7D) . While the YFP/CFP ratio increased by ODR-1 is a guanylyl cyclase required for AWC-mediated chemotaxis (L'Etoile and Bargmann, 2000). To deter-23% in control animals following the application of 1 M glycerol, the ratio increased by only 12% in Ce-grk-2 mine if increased ODR-1 cyclase levels could restore chemotaxis, Ce-grk-2 mutant animals overexpressing mutants (Figures 7A and 7C) . This is consistent with the partial defect in the behavioral response to high an odr-1 transgene were tested for chemotaxis to the AWC-detected stimulus isoamyl alcohol; no improveosmolarity observed in Ce-grk-2 mutant animals ( Figure  7E ). Whereas the YFP/CFP ratio increased by 10% in ment was observed. This may be because the signaling deficit occurs upstream of second messenger producresponse to quinine in control animals, no change was seen in Ce-grk-2 mutant animals ( Figures 7B and 7D) , tion in Ce-grk-2 mutant animals, or because cyclase activity may be regulated (Hurley, 1998) and odr-1 overalso in agreement with the behavioral results ( Figure  7F ). We conclude that loss of Ce-grk-2 function perturbs expression alone does not increase signaling.
As an alternative, we examined whether overexpressignal transduction upstream of calcium influx in the ASH sensory neurons. sion of a critical G␣ protein, odr-3, could restore chemosensation in Ce-grk-2 mutant animals. odr-3 loss-of-function mutant animals have defects in both chemotaxis and Overexpression of odr-3 Restores Octanol Response in Ce-grk-2 Mutant Animals odorant avoidance, reminiscent of the Ce-grk-2 mutant phenotype (Roayaie et al., 1998). As shown in Figure 8A , The behavioral defects and reduced neuronal Ca 2ϩ influx both suggest that G protein signaling is decreased in Ceintroduction of odr-3 at 25 ng/l significantly restored response to octanol (10 Ϯ 1 s, p Ͻ 0.6 ϫ 10
Ϫ5
). The incomplete rescue may be due to a requirement for additional positively acting G␣ proteins in chemosensory signaling (Jansen et al., 1999; H. Lans et al., submitted; Roayaie et al., 1998). Responses to AWA-or AWCmediated attractive odorants could not be determined in these animals as odr-3 overexpression at this level rendered the Ce-grk-2 mutant animals too lethargic for chemotaxis assays. Increasing odr-3 transgene levels further did not restore octanol avoidance (data not shown). However, high-level overexpression of odr-3 blocks chemosensation even in wild-type animals (Roayaie et al., 1998) . Thus, proper ODR-3 signaling levels may be crucial for chemosensation and behavioral responses. To determine whether ODR-3 protein levels are decreased in Ce-grk-2 mutants, the endogenous level of ODR-3 was compared to that of wild-type animals, but no significant difference was observed ( Figure  8B ). This suggests that ODR-3 activity may be altered in Ce-grk-2 mutant animals.
odr-3 overexpression may have restored octanol response in Ce-grk-2 mutants by increasing signaling through ODR-3 G␣ or by interfering with G␤␥ subunits that are overstimulated due to the loss of Ce-grk-2. To determine if normal ODR-3 activity is required for restoration of octanol response, a mutant odr-3 transgene, odr-3(S47C), was expressed in Ce-grk-2 mutant animals. ODR-3(S47C) converts the conserved serine at residue 47 to cysteine. Mammalian G␣ proteins (G o and G i ) with the equivalent mutation have severely reduced affinity for GTP, but they retain the ability to bind G␤␥ subunits (Slepak et al., 1993 (Slepak et al., , 1995 . As such, the S47C change confers dominant-negative activity to the G␣ proteins when they are overexpressed (Roayaie et al., 1998; Slepak et al., 1993 Slepak et al., , 1995 . In C. elegans, the S47C change in ODR-3 nearly eliminates its ability to restore chemosensation in odr-3 mutant animals and blocks chemotaxis when expressed at high levels in wild-type animals (Roayaie et al., 1998) . The odr-3(S47C) transgene also had significantly reduced rescuing activity in Ce-grk-2 mutant animals ( Figure 8A ; p Ͼ 0.05), suggesting that interaction with G␤␥ subunits is not sufficient for restoration of chemosensation in Ce-grk-2 mutants. The ability of odr-3 overexpression, but not odr-3(S47C), to appreciably restore response to octanol is also consistent with a decrease in chemosensory signal transduction in the sensory neurons of Ce-grk-2 mutant animals.
Loss of EAT-16 RGS Protein Function Suppresses a Ce-grk-2 Chemosensory Defect
Chemosensory signaling in Ce-grk-2 mutant animals may be decreased because a compensatory G protein regulatory pathway dampens signaling. EGL-10 and EAT-16 are two RGS (regulator of G protein signaling) 
